The effect of corn-soybean rotation on mycotoxin contamination in corn (Zea mays L.) and soybean (Glycine max L. Merrill.) grains has not been fully evaluated. Therefore, this research investigated the effect of corn-soybean rotation on aflatoxin and fumonisin contamination in respective grains. The results showed that aflatoxin levels in soybean averaged 2.3, < 0.5, 0.6, and 6.8 ng/g in 2005, 2006, 2007, and 2008, while corn aflatoxin levels were 16.7, 37.1, 2.4, and 54.8 ng/g, respectively. Aspergillus flavus colonization was significantly greater (P ≤ 0.05) in corn (log 1.9, 2.9, and 4.0 cfu/g) compared to soybean (< 1.3, 2.6, and 2.7 cfu/g) in 2005, 2007, and 2008, respectively. Aflatoxigenic A. flavus isolates were more frequent in corn than in soybean in all four years. Higher fumonisin levels were found in corn (0.2 to 3.6 μg/g) than in soybean (< 0.2 μg/g). Rotating soybean with corn reduces the potential for aflatoxin contamination in corn by reducing A. flavus propagules in soil and grain and reducing aflatoxigenic A. flavus colonization. These results demonstrated that soybean grain is less susceptible to aflatoxin contamination compared to corn due to a lower level of colonization by A. flavus with a greater occurrence of non-aflatoxigenic isolates.
Introduction
Corn (Zea mays L.) and soybean (Glycine max L. Merrill.) crop rotation systems are a well-established practice in the North Central and Mid Atlantic regions of the United States. Various rotational systems using these two crops have been developed, beginning in the early 1950's when soybean became an established oil seed crop for these two regions. The benefits of corn-soybean rotation have been reported in the past 20 years [1] . It was shown that corn yields increased following at least one year of soybean production on most of all soils compared with yields from continuous corn production. These increases were associated with the disruption of diseases, insects, weeds' lifecycles through the changing of crop species, and the required management. In some cases, residual N fixed by the soybean is utilized by the following corn crop, resulting in higher corn yield.
In the Mid-South United States, as with other humid subtropical regions of the world, corn can be infected with Aspergillus flavus prior to harvest, resulting in grain contamination with aflatoxin, a potent carcinogen at very low levels. Aflatoxin is regulated by the United States Food and Drug Administration (FDA) with a maximum of 20 ng/g for corn contamination entering interstate commerce. Levels 10 ng/g or less are imposed by various countries [2] . A major outbreak in 1998 of aflatoxin contamination in the southern USA was estimated to have resulted in $85 million to $100 million in losses in Arkansas, Louisiana, Mississippi, and Texas [3] . In addition to A. flavus infection, corn kernels are susceptible to other toxigenic fungi such as Fusarium verticillioides (syn. F. moniliforme) [4, 5] and can produce fumonisins [6] [7] [8] . This group of mycotoxins is considered one of the most common toxins in corn and their products (CAST [9] ). Fumonisins cause disease in livestock such as 2 International Journal of Agronomy equine leukoencephalomalacia and pulmonary edema in swine. Fumonisins are also associated with esophageal cancer in humans and are proven tumor promotors in rats (CAST [9] ; [10] ; NTP [11] ). Fumonisins are regulated by the FDA with 2-4 μg/g maximum levels allowed in corn, depending on use [2] .
Research on management practices such as harvest dates, fertility, planting dates, hybrids, and their influence on aflatoxin and fumonisin contamination in corn have been previously conducted in the Mid South [12] [13] [14] . Bruns and Abbas have shown that higher grain yields coincided with reduced levels of aflatoxin and fumonisin contaminations. High temperatures and drought are well documented to impact aflatoxin and fumonisin levels in corn [7] . Aflatoxins and fumonisin are often coexistent in corn and conducive environment, facilitating infestation [6, 7, 15, 16] . Soybean is generally considered a poor substrate for aflatoxin production and not subject to contamination [17] . Since there are no commercial corn or soybean mycotoxin-resistant cultivars available, management practices could be an alternative to reduce toxin levels of these two pathogens in corn. Therefore, the objectives of this research were to examine the effects of various corn-soybean rotations on A. flavus colonies, and aflatoxin and fumonisin contamination in corn and soybean grains. The results will be useful for managing mycotoxin contamination and improving economic return for growers.
Materials and Methods
The research was conducted from 2005 through 2008 on a Dundee silty clay (fine-silty, mixed, thermic Aeric Ochraqualfs) at the Mississippi State University's Delta Branch Experiment Station at Stoneville, MS. The experimental design was a randomized complete block replicated four times. Individual experimental units consisted of one of the following eight crop rotation regimes: (1) continuous corn (C-C-C-C), (2) continuous soybean (S-S-S-S), (3) corn-soybean (C-S), (4) soybean-corn (S-C), (5) corncorn-soybean-soybean (C-C-S-S), (6) corn-corn-soybeancorn (C-C-S-C), (7) soybean-soybean-corn-corn (S-S-C-C), and (8) soybean-soybean-corn-soybean (S-S-C-S). These regimes were assigned to an experimental unit at the initiation of the experiment and remained in place throughout the study. Individual experimental units consisted of eight 9-meter rows, space 76 cm apart. The crop planted on the site prior to initiation of the experiment was soybean.
Land preparation began in late winter each year with 30 cm ridges being formed and then harrowed just prior to planting. Soybean and corn cultivars were used, depending on their availability in the market. [18] .
Aspergillus flavus populations were determined by collecting surface soil samples (0 to 5 cm) using a sterile scoop. Each sample was a composite of eight samples taken from the two center rows midway in the plots in the spring prior to planting and fall within a week of harvest from 2006 to 2008. Samples were passed through a 2 mm sieve and stored at 4
• C. Soil moisture was determined on a 50 g subsample monitoring moisture loss after 48 h at 60
• C. Estimates of A. flavus propagule density in soil (colony forming units) were determined by diluting 2.5 g of soil in 10 mL of 0.2% water agar, vortexed, plating 200 μL of the soil suspension on 4 MDRB (modified dichloronitroaniline rose Bengal agar), and incubated for 3 days at 37
• C [19] . Colonies of A. flavus were counted and ten colonies per replication were picked at random, transferred to β-cyclodextrin (0.3%) potato dextrose agar (β-cPDA), and incubated in dark at 28
• C for 3 days. Colonies were evaluated for fluorescence and toxigenicity based on fluorescent colonies [20] . Colony forming units of A. flavus on ground corn and soybeans were determined using a serial dilution method [21] . Grown grain (10 g) was suspended in 0.2% water agar and shaken for 30 min on a reciprocal shaker. The samples were serially diluted as needed and 200 μL was spread on MDRB plates, 4 per dilution.
Assessment of A. flavus contaminated corn and soybean seed was also conducted each year as described in Abbas et al. [21] . For each sample, 10 surface sterilized seeds were plated on five MDRB plates per plot. The number of positive colonies was counted after three days at 28
• C to determine the percentage of infected seed. Thereafter, any putative A. flavus colonies were transferred to 0.3% β-cPDA and evaluated as previously mentioned.
Aflatoxin and fumonisin determinations were made using an enzyme-linked immunosorbent assay (ELISA) analysis of aflatoxin and fumonisin per included instructions in a commercially available ELISA kit (Neogen Corporation, Lansing, MI; [6] ). Aflatoxin analysis by ELISA mainly was conducted to quantify aflatoxin levels prior to HPLC analysis, while values determined by ELISA for fumonisin were used directly. Briefly, sample cleanup was carried out with a minor modification and the limit of detection was 0.1 ng/g, using method of Abbas et al. [7] .
Analysis of variance across years was conducted using Proc Mixed in SAS (SAS [22] ) using block, rotation, year, and year x rotation as fixed effects and the repeated option was used. Since years were significant, the data was analyzed by year using Proc Mixed in SAS with block, crop, and rotation within crop as fixed effects. Data obtained from mycotoxin concentrations and other seed quality parameters in corn and soybean were analyzed using PROC GLM (SAS [22] ) and means comparisons were made using Fisher's LSD.
Results
Asperillgus propagule densities in soil samples collected over the three years from the fall of 2006 to the fall of 2008 are summarized in Table 1 . Many of the soil samples (>50%) processed in 2005 were below the detection limit (<log 1.2 CFU/g soil), therefore the number of plates utilized per sample were increased from 2 to 5. In subsequent years, there was no consistent effect of any particular rotation sequence on A. flavus propagule densities or frequency of aflatoxigenic isolates, thus soil data is summarized based on previous crop for the spring counts and the recently harvested crop for fall counts. Soil populations were between two-to tenfold higher in the spring preplant sampling than the fall postharvest sampling. By the fourth year of the study (2008), soils collected from plots planted to corn in previous years were significantly greater compared to soybean plots. However, similar occurrence of aflatoxigenic A. flavus was observed in all cropping sequences, ranging from 47 to 60% of the isolates producing aflatoxin, with no effect of crop. All the isolates of putative Aspergillus were identified as A. flavus according to the identification index reported by [23] . Analysis of variance showed that year was significant for all variables, and year and rotation were main sources of variability for all variables. Since the interaction between year and rotation was significant, analysis by year was conducted ( Table 2 ). The differences between crops could not be examined in the across-years analysis because crop is part of rotation. The ANOVA by year indicated that the type of crop in rotation that year had a significant influence on these variables and that the rotation within each crop was not significant except for fumonisin concentration in 2005 and 2008 (Table 3) . Block was not significant except for aflatoxin concentration log transformed in 2005 and Apergillus propagule in 2007.
Seed quality assessment based on Aspergillus propagule density, level of Aspergillus-contaminated seed, frequency of toxigenic A. flavus isolates, and aflatoxin (ng/g) and fumonisin (μg/g) levels in corn and soybean grain, collected over the four years study, are summarized in Table 4 . Again, all the isolates of putative Aspergillus selected for assessment of toxin production were identified as A. flavus according to the identification index of [23] . No consistent effect of single cropping sequence on seed quality parameters was shown (Table 3) , thus analysis compared data from corn versus soybean. In the initial year of the study, the lowest occurrence of Aspergillus contamination was log 1.93 and (Figures 1 and 2) . Overall, 28 of 64 corn samples had aflatoxin levels exceeding 10 ng/g, while only four of 64 soybean samples did (Figures 1(a) and 1(b) ), while 17 of 64 corn samples had fumonisin levels exceeding 1 μg/g 4 International Journal of Agronomy (Figures 2(a) and 2(b)). No soybean samples contained greater than 1 μg/g fumonisin. The wide range of toxin levels observed in these plots is consistent with the range of variability associated for spatial effects described in other studies [21] . These observations indicate the relative increased susceptibility of corn compared to soybean for contamination by A. flavus and subsequent mycotoxin contamination. Although soybean is subject to infection by several species of Fusarium, apparently it is relatively resistant to the seed contaminating fumonisin producing Fusaria.
Discussion
In this study we did not observe any significant effect of previous crop or rotation system on soil populations of A. flavus until the fourth year of the experiment. These field plots were under conventional tillage management, and subsequent crop residues were distributed in the upper 20 cm of soil. Zablotowicz et al. [19] also reported that levels of A. flavus are higher in soils with high amounts of organic matter, especially with no tillage; however, no consistent effect of cropping history was observed. In an intensive sampling of a growers field under no-tillage management, Abbas et al. [21] also found that A. flavus population were higher after corn than either after cotton or wheat in a threeyear study in field located in Mississippi Delta. Recent studies by Jaime-Garcia and Coty [24] indicated that when corn is the previous crop, higher soil populations of A. flavus were observed.
In this current study we observed that a significant amount of contamination of soybean seed by A. flavus was found, although less than 30% of soybean isolates were aflatoxin producing. It was reported that moldy soybean does not contain a large amounts of aflatoxin under wet conditions. The most consistently higher levels of aflatoxin contamination in both corn and soybean was in 2008 when the maximum temperature in all of July exceeded 32
• C with 4 days greater than 37.5
• C. In addition, rainfall in June and July was lower than any of the four years of the study, favoring aflatoxin accumulation. The wet conditions cause mold on the soybeans [25, 26] . The level of aflatoxins in 2007 was very low in both corn and soybean due to the weather conditions (rainy and cool temperatures). This was in agreement with what reported before by Abbas and Shier [27] and Bruns and Abbas [28] . Soybean seed and vegetative matter typically have greater than 5 % nitrogen content [29] , while corn is typically less than 3% [30] . The relative abundance of nitrogen compared to carbon may also limit aflatoxin production in soybean. Payne and Brown [31] reported that the amino acid alanine, aspartate, glutamate, and glutamine increase the levels of aflatoxins in culture. In addition, soybean is known to produce volatile compounds which have an adverse effect on Aspergillus growth, population, and aflatoxin biosynthesis [32] .
Analysis of fumonisin contamination indicated that over 25% of corn, while no soybean samples, contained greater than 1 μg/g fumonisin. Abbas and Bosch [25] reported Fusarium species disease in soybeans was high after cool and wet conditions with no or minimal detection of mycotoxins in Minnesota soybean field. Castellá et al. [33] reported the presence of fumonisin and Fusarium species in soybean in Spain. Acuña et al. [34] also found that Fusarium species isolated from selected field samples in Colombian, including soybean, can produce fumonisin. It is well documented that Fusarium species cause wilt and root diseases in soybean [35] . In this intensively monitored four-year field study, we have discovered that soybeans are less susceptible to aflatoxin contamination compared to corn because of their greater colonization by nonaflatoxigenic isolates and a greater host specificity for aflatoxigenic A. flavus isolates in corn. A soybean/corn rotation aids in the reduction of A. flavus propagules in soil and subsequent colonization of corn grain, thus reducing potential for aflatoxin contamination in corn. Likewise rotating with soybean reduces the potential for fumonisin contamination in corn. 
